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Abstract: In a series of 10-day campaigns in Ontario and Quebec, Canada, between 2005 and
2007, ozonesondes were launched twice daily in conjunction with continuous high-resolution
wind-profiling radar measurements. Windprofilers can measure rapid changes in the height of
the tropopause, and in some cases follow stratospheric intrusions. Observed stratospheric
intrusions were studied with the aid of a Lagrangian particle dispersion model and the Canadian
operational weather forecast system. Definite stratosphere-troposphere transport (STT) events
occurred approximately every 2—3 days during the spring and summer campaigns, whereas
during autumn and winter, the frequency was reduced to every 4-5 days. Although most events
reached the lower troposphere, only three events appear to have significantly contributed to
ozone amounts in the surface boundary layer. Detailed calculations find that STT, while highly
variable, is responsible for an average, over the seven campaigns, of 3.1% of boundary layer
ozone (1.2 ppb), but 13% (5.4 ppb) in the lower troposphere and 34% (22 ppb) in the middle and
upper troposphere, where these layers are defined as 0-1 km, 1-3 km, and 3-8 km respectively.
Estimates based on counting laminae in ozonesonde profiles, with judicious choices of ozone and
relative humidity thresholds, compare moderately well, on average, with these values. The
lamina detection algorithm is then applied to a large dataset from four summer ozonesonde
campaigns at 18 North American sites between 2006 and 2011. The results show some site-to-
site and year-to-year variability, but stratospheric ozone contributions average 4.6% (boundary
layer), 15% (lower troposphere) and 26% (middle/upper troposphere). Calculations were also
performed based on the TOST global 3D trajectory-mapped ozone data product. Maps of STT in
the same three layers of the troposphere suggest that the STT ozone flux is greater over the North
American continent than Europe, and much greater in winter and spring than in summer or fall.
When averaged over all seasons, magnitudes over North America show similar ratios between
levels to the previous calculations, but are overall 3-4 times smaller. This may be because of
limitations (trajectory length and vertical resolution) to the current TOST-based calculation.
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1. Introduction

Tropospheric ozone, particularly at ground level, is considered an air pollutant when it exceeds
natural levels: it is responsible for significant damage to forests and crops (Avnery et al., 2011;
McGrath et al., 2015), and is a principal factor in air quality as it has adverse effects on human
respiratory health (e.g., Jerrett et al., 2009; Silva et al., 2013; Bell et al., 2014; Szyszkowicz and
Rowe, 2016). Ozone affects the oxidizing capacity of the lower atmosphere (it is a primary
precursor to the formation of OH radicals) and thereby influences the lifetime of methane, more
complex hydrocarbons, and most other reactive trace gases in the lower atmosphere (Calvert et
al., 2015). Ozone is also a short-lived climate pollutant (SLCP). It is the third most important
greenhouse gas, after CO2 and methane, with a forcing that is strongly altitude-dependent (IPCC,
2013), and largest in the upper troposphere and lower stratosphere (IPCC, 2001).

The stratosphere is a large reservoir of ozone, but due to its high stability there is relatively little
exchange of mass across its lower boundary, the tropopause. Attempts to estimate the
contribution of cross-tropopause transport to the tropospheric ozone budget have been made
since the 1960s (e.g. Junge, 1962; Fabian and Pruchniewicz, 1977). Stratospheric ozone enters
the troposphere primarily through a variety of irreversible eddy exchange phenomena that are
small-scale manifestations of the global, wave-driven (Brewer-Dobson) circulation, which
transports ozone and other chemical species from equator to pole (Holton et al., 1995). For this
reason the global flux is moderately well-estimated by models; however stratosphere-troposphere
transport (STT) events are sporadic, and so the regional flux of ozone varies (Stohl et al.,
2003a,b) and is not well characterized. Observational studies in North America and Europe,
where STT is expected to be strongest (Wernli and Bourqui, 2002; Holton et al., 1995), have
shown that variations in 0zone mixing ratio in both the upper and lower troposphere are well
correlated with lower stratospheric values (Tarasick et al., 2005; Ordonnez et al., 2007), but
efforts to quantify the contribution of STT to the tropospheric ozone budget from observations
have yielded somewhat variable results (Trickl et al., 2010). Elbern et al. (1997) found 3-4% of
surface ozone at mountain sites in Europe to be attributable to STT, and Zanis et al. (2003) found
contributions of 5-6.5% , while Stohl et al. (2000) estimated 7-15% from observations and 15-
25% from FLEXPART modelling, for a similar set of locations. Dibb et al. (1994) found a
(springtime) maximum of 10-15% of surface ozone from STT at a site in the Canadian Arctic,
and Cristofanelli et al., (2010) also found a strong seasonality and an annual average of 14% at a
site in the Himalayas at 5079 m. However, Dibb et al. (2003), using aircraft data, estimated more
than 85% of ozone in the upper troposphere to be from STT. Colette and Ancellet (2005), using
data from 11 ozonesonde stations in Europe, assigned about 40% of free tropospheric ozone (as a
fraction of the total tropospheric column) to the stratospheric source. This is somewhat greater
than the 16-34% estimated by Thompson et al. (2007a,b) at the 12 ozonesonde sites in North
America during the INTEX Ozonesonde Network Study 2004 (IONS-04). These studies used
different observational criteria to classify layers in ozone soundings, however. Cooper et al.
(2006), using the potential vorticity-based FLEXPART retroplume technique, estimated that
between 13 and 27% of ozone in the upper troposphere at IONS-04 sites was of recent
stratospheric origin. This is much less than the 80% or greater fraction found by Bachmeier et al.
(1994) or Dibb et al. (2003), in separate aircraft campaigns over northern North America.

Stratospheric intrusions are occasionally observed to reach the ground (Chung and Dann, 1985;
Wakamatsu et al., 1989; Davies and Schuepbach, 1994; Eisele et al., 1999; Cooper and Moody,
2000; Cooper et al., 2005; Langford et al., 2012), but much more frequently, intrusion events
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reach the upper or middle troposphere, where they appear to dissipate and contribute to the
general free tropospheric ozone burden (e.g. Colette and Ancellet, 2005; Hocking et al., 2007).
This implies that changes in STT could affect the radiative forcing of ozone, which depends on
the vertical distribution of ozone in the troposphere, and is largest near the tropopause. Climate
change is expected to increase planetary wave activity and so cause an accelerated Brewer-
Dobson circulation (e.g. Butchart et al., 2006; 2014). The projected acceleration, along with
stratospheric ozone recovery, will lead to increased transport of ozone from the stratosphere into
the troposphere (Randel and Thompson, 2011; Sioris et al., 2014; Banerjee et al., 2016). This is
expected to increase tropospheric ozone concentrations (Neu et al., 2014; Hess and Zbinden,
2013; Fusco and Logan, 2003).

Modeling and ozonesonde studies (e.g. Bourqui and Trépanier, 2010; Cooper et al., 2011; He et
al., 2011; Dempsey, 2014), as well as reanalyses (Knowland et al., 2017) link STT and ground-
level ozone, but the exchange of ozone between the free troposphere and the boundary layer is
not well understood. Recent studies suggest that the influence of stratospheric intrusions on near-
surface background ozone is of greater importance than previously anticipated (Bourqui and
Trépanier, 2010; Lin et al., 2012; Lefohn et al., 2014), and that their overall effect on boundary
layer ozone may be underestimated (Zanis et al., 2014; Akritidis et al., 2016; Langford et al.,
2018).

The results of several 10-day campaigns in Ontario and Quebec, Canada between 2005 and 2007
are described here. Ozonesondes were launched twice daily in conjunction with continuous high-
resolution wind-profiling radar measurements. Intrusion events identified in ozone soundings
were confirmed by model calculations, using the Lagrangian particle dispersion model
FLEXPART (Stohl et al., 2005) with (hourly) meteorological input from version 3.2.0 of GEM,
the Canadian operational forecast model, with 58 vertical levels on the standard regional domain
covering North America. The observed frequency of STT events is discussed and their impact on
tropospheric ozone levels is quantified using GEM-FLEXPART, and compared to additional
estimates from extensive summertime ozonesonde campaigns in North America, and using data
from the global network of 0zone soundings archived in the World Ozone and UV Data Centre
(WOUDC), coupled with calculations using the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (Draxler and Hess, 1998) and archived meteorological fields from
National Centers for Environmental Prediction (NCEP).

2. Observations

A series of ozonesonde campaigns was conducted between 2005 and 2007, in conjunction with
continuous high-resolution wind-profiling radar observations, to investigate STT.
The balloon-borne instruments used were GPS-equipped EN-SCI 2Z ECC ozonesondes and
Vaisala RS80 radiosondes, providing vertical profiles of ozone concentration, temperature,
humidity, wind speed and wind direction. Electrochemical concentration cell (ECC) ozonesondes
have a precision of 3-5% and an absolute accuracy of about 10% in the troposphere (Smit et al.,
2007; Tarasick et al., 2018). The ozone sensor e* response time of about 25 seconds gives the
sonde a vertical resolution of about 100-125 metres for a typical balloon ascent rate of 4-5 m/s in
the troposphere. They were released approximately twice daily near the radar sites located at
Montreal (45.4 N, 73.9 W), and Walsingham (42.6 N, 80.6 W) and Harrow (42.0 N, 82.9 W) in
Ontario. At Walsingham and Harrow, the launches took place at the radar site. In the Montreal
case, the launches were performed from the headquarters of the Canadian Space Agency Head
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Office in St. Hubert, Quebec, while the radar was located at the MacDonald campus of McGill
University, about 45 km distant. The windprofiler radars were WindTtracker radars, a
commercially available instrument that provides real-time wind information as a function of
height and time, and also measurements of backscattered power, turbulence strengths, tropopause
heights, and turbulence anisotropy (Hocking, 1997). The radars are part of the Ontario-Quebec
VHF windprofiler radar network (O-QNet).

Table 1: Number of profiles per month at each site in the IONS and BORTAS campaigns

2006 2008 2010 2011
Site Name Jun Jul Aug Jun Jul Aug Jun Jul Aug Jun Jul Aug Total
Alert 4 3 5 4 4 5 4 2 2 3 3 4 43
Eureka 3 4 5 4 4 5 5 3 3 5 4 5 50
Resolute 3 1 0 3 5 3 4 2 3 2 2 1 29
Summit 5 4 2 15 26 4 3 2 4 5 4 5 79
Whitehorse 0 0 0 7 11 0 0 0 0 0 0 0 18
Yellowknife 0 0 0 4 11 0 0 0 0 0 0 0 15
Churchill 4 4 4 8 8 1 2 4 3 5 1 1 45
Trinidad 5 4 30 10 15 4 18 3 4 4 4 4 105
Kelowna 5 2 27 8 13 4 18 2 3 2 3 5 92
Stonyplain 4 1 4 8 14 3 5 4 3 5 4 5 60
Bratt's Lake 4 2 29 6 11 4 4 17 4 4 21 5 111
Walsingham 0 0 22 0 0 0 0 12 0 0 0 0 34
Egbert 3 4 15 1 12 3 4 20 5 5 17 4 93
CSA-Montreal 0 0 0 0 0 0 0 14 0 0 0 0 14
Narragansett 4 4 24 4 3 5 2 2 2 0 0 0 50
Yarmouth 3 3 1 8 14 1 5 20 8 5 20 7 105
Goose Bay 3 2 5 4 11 0 4 18 8 4 22 7 88
Sable Island 0 0 28 4 11 0 0 16 0 0 19 1 79
Total 50 38 211 98 173 42 78 141 52 49 124 54 1110

Ozonesonde campaigns were also conducted in June, July and August of 2006 and 2008from
sites across North America in the INTEX Ozonesonde Network Study (IONS) campaigns
(Thompson et al., 2010; Tarasick et al., 2010; Thompson et al., 2007), and in the 2010 and 2011
BORTAS (Quantifying the impact of BOReal forest fires on Tropospheric oxidants using
Aircraft and Satellites) campaigns (Palmer et al., 2013). A total of 1110 profiles from sites north
of 40° latitude have been used here (Figure 1 and Table 1). Two types of ECC ozonesondes, the
2Z model manufactured by EnSci Corp. and the 6A model manufactured by Science Pump, with
minor differences in construction and preparation, were used at different sites. The maximum
likely variation in tropospheric response resulting from these differences is of the order of 2-3%
(Smit et al., 2007), and for these purposes is a negligible source of error.
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Figure 1: Location of stations participating in the IONS and BORTAS campaigns.

3. Models

The vertical ozone distribution in each of the radar-ozonesonde campaigns was compared with
model results from the Lagrangian particle dispersion model FLEXPART (Stohl et al., 2005),
run in forward mode. Input to FLEXPART was provided by version 3.2.0 of GEM, the Canadian
forecast model. The standard regional domain covering North America with 58 vertical levels to
10 hPa was used. The model was run forward for 12 hours starting from analysis fields at 12
hourly intervals, producing hourly output fields. The native output from GEM was interpolated
onto a 0.5 x 0.5 degree resolution latitude-longitude grid and then converted into the GRIB
format necessary for input to FLEXPART. In forward mode, FLEXPART uses a domain filling
procedure where a large number of particles (~600,000 in each case discussed below) are
released within the model domain at the beginning of a model run. During model initialization,
particles which are in the stratosphere (those having a potential vorticity greater than 2 PVU,
where 1 PVU = 10°m’kg!s!) are tagged with an ozone concentration. This is calculated using
the average value of measured ozone to modeled PV over each campaign period. These particles
are then advected using model wind fields. New particles are created and initialized in the same
way on in-flow boundaries.

FLEXPART does not include any chemistry and ozone is assumed to have an infinite lifetime
once in the troposphere. This assumption is reasonable as none of the simulations went beyond
10 days, while the lifetime of ozone in the troposphere is typically 20-30 days (Stevenson et al.,
2006). In addition, because of the limited domain size, any particular particle is unlikely to stay

within the domain for that length of time. The limited domain size also means that particles that
5
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crossed from the stratosphere before entering the domain will have zero ozone concentration. In
other words, only intrusions that occur within the domain are simulated.

The Trajectory-mapped Ozonesonde dataset for the Stratosphere and Troposphere (TOST) is a
global three-dimensional ozone data product that is derived from ozone soundings archived in
the World Ozone and UV Date Centre (WOUDC). It uses the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model (Draxler and Hess, 1998) and meteorological fields
from National Centers for Environmental Prediction (NCEP) reanalyses to fill the gaps between
ozonesonde stations, by extending each ozone record along its trajectory path forward and
backward for 4 days. Over this 4-day period ozone production and loss along the path is
assumed to be negligible. Ozone values along these trajectory paths are binned into a 3-
dimensional grid of 5° x 5° x 1 km (latitude, longitude, and altitude), from ground level up to 26
km. Over 67,000 ozonesonde profiles at 116 stations from 1965-2012 are used. TOST has been
evaluated using individual ozonesondes, excluded from the mapping, by backward and forward
trajectory comparisons, and by comparisons with aircraft profiles and surface monitoring data
(Tarasick et al., 2010; Liu, G. et al., 2013; Liu, J. et al., 2013). Differences are typically about
10% or less, but there are larger biases in the UTLS, the boundary layer, and in areas where
ozonesonde measurements are sparse.

For use in models that have a dynamically-determined tropopause, TOST is produced in
troposphere-only, stratosphere-only, and combined versions. Statistical parameters such as
number of trajectories contributing to each grid cell are also calculated. These ancillary products
offer the possibility of estimating the stratospheric contribution to ozone at different levels in the
troposphere. Using the forward trajectories for the stratosphere-only dataset, which employs only
trajectories that start above the (thermal) tropopause, it is possible to estimate STT by comparing
to the full stratosphere-troposphere dataset. As trajectories are limited to 4 days in the version
currently available, they are less subject to errors, which grow significantly with trajectory length
(Stohl, 1998), but they represent fast STT, and may miss longer-term STT contributions to
tropospheric ozone.

4. Radar and ozonesonde results

Previous work (Hocking et al., 2007) demonstrated, using windprofiling radar and multiple
ozone soundings, that intrusions of stratospheric ozone into the troposphere can be predicted by
rapid changes in tropopause height, and that intrusion events are quite frequent at midlatitudes in
Canada. Figure 2 (left) shows vertical profiles of ozone mixing ratio for the May 2005 campaign
at Montreal, Quebec. From 29 April to 10 May, 2005, ozonesondes were launched every 12
hours at 00 UT and 12 UT. The radar-derived tropopause height is shown as a solid white line.
This is calculated by first averaging the radar power over two hours to provide a vertical profile
with 500 m height resolution. The gradient at each point in this profile is then found by fitting a
straight line over a height of 1500 m. The four points above 5.75 km having the largest gradients
are extracted. The point with the largest gradient is taken to be the tropopause point, unless one
or more of the other three are contiguous to it, in which case an average is taken of the
contiguous points, weighted by the magnitude of each associated gradient.

A number of major changes in tropopause height are apparent, as well as layers of high ozone,
which generally appear to descend from left to right; i.e. with time. However, the continuity of
these layers is not always clear, as the sampling is one-dimensional in space. The right-hand plot
shows a plot of results from a GEM-FLEXPART simulation, showing the 40-ppb isopleth of
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ozone transported from the stratosphere, at 06 UT on 5 May, 2005. At this time the deep tongue
of the intrusion is to the southwest of the Montreal site, and so would be missed by a vertical
sounding.

Ozone Mixing Ratio (ppb): Montreal 05/04/28 — 05/05/11 2005-05-05 06:00 UT
15

(Wpf) aprny

Altitude (km)

-100 o
Lo”gitu

0
-80
de =70 30 40
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Figure 2. Left: Vertical profiles of ozone mixing ratio for the May 2005 campaign at Montreal,
Quebec. The solid white line shows the tropopause height derived from the radar data. The
dashed white lines indicate times when the tropopause height appears to increase rapidly.

Right: FLEXPART output showing the 40-ppb isopleth of ozone transported from the
stratosphere, at 06 UT on 5 May, 2005. The vertical black line shows the location of the McGill
University wind-profiling radar.

At several points on the left-hand plot the tropopause shows a rapid increase in apparent height
(indicated by dashed vertical lines). In most cases these represent real changes in the local
tropopause height, as the passage of upper level cyclones temporarily force the polar jet stream
north of the observing location. Such disturbances are known to be associated with STT
(Johnson and Viezee, 1981; Danielsen, 1968).

While the tropopause height determined by the radar is typically identical to that using the
standard thermal lapse rate definition (WMO, 1966), this is not always the case. Hooper and
Arvelius (2000), comparing several measures of tropopause height, found that while the radar
tropopause showed good agreement with the thermal tropopause, it correlated more strongly with
the ozone tropopause. The backscattered power for a VHF radar is approximately proportional to
M?/r?, where r is the range from the radar and M is the vertical gradient of the potential refractive
index

dlng

M = —7.76x10-5(P)2IN6y( 1, 19900a], oz
T oz T ,0In6

0z

1)

where 6 (K) is potential temperature, T is temperature, p (hPa) is pressure, z (m) is altitude, and g
is specific humidity (Vanzandt et al., 1978). The term in square brackets is generally small, as q
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is small above the lower troposphere, and the radar usually detects a maximum in backscatter at
the abrupt change in the gradient of potential temperature at the tropopause. However, in some
cases a change in dInd/oz below the tropopause, often coincident with a sharp negative gradient
of water vapour, can produce a larger maximum. In these cases soundings show dynamically
disturbed profiles of temperature, ozone and water vapour, and it appears that the radar is in fact
detecting the sharp increase in potential temperature and decrease in water vapour associated
with an intrusion of stratospheric air. In the cases shown in Figure 3, the sharp negative gradients
of water vapour actually contribute significantly to the backscatter, as dlng is much larger than

oIn@, and the factor in square brackets is about 1.2 even though q is very small.

Cases like those in Figure 3, where the radar-derived tropopause height differs from the WMO
(temperature lapse rate) tropopause are uncommon, and appear to be due to the radar detecting
an intrusion of stratospheric air. This is especially clear in the first example (Montreal). In every
observed case the radar soon afterward reverts to detecting the thermal tropopause. This
produces an apparent rapid change in the radar-derived tropopause height.

Montreal 20050505 0z | ——Ozone (sonde) | | Walsingham 20060822 13z | —— Ozone (sonde)
© or T+60 RH © or T+60 RH
— Potential T (0) = Potential T (©)
1§60 280 390 320 = Temperature 1%60 2§0 390 3%0 = Temperature

ad . e d e
4\ —— | .

) %:*' 1
£

} N
;|

12 . 12 12 s 12
g / 5 \ /
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Figure 3. Ozone and water-vapour pressure profiles taken at Montreal and Walsingham,
Ontario. The green line indicates the WMO (temperature lapse rate) tropopause; the blue line
the radar tropopause.

In the lower troposphere, where q is larger, gradients of humidity can dominate the radar signal.
Figure 4 shows successive ozone and humidity profiles and simultaneous observations with the
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radar near London, Ontario. It is apparent that the radar can track the descent of the dry layer of
high ozone.

Water Vapour Pressure (mb)
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Figure 4. (a) Successive ozone and water-vapour pressure profiles taken only four hours apart
on 19 August, 2004. Movement can be seen, as peak A moves to peak B. Graph (b) shows
radar backscattered power as a function of time and height from 18 to 20 August, 2004. The
peaks A and B have high ozone but low water vapour, and steep gradients in water vapour at
their edges. These water vapour gradients produce enhanced radio backscatter, and the radar
signal enhancement shown in 4b by the downward sloping arrow in fact tracks the ozone
maximum. The two black dots in that figure show the height of the peaks in ozone density for
events A and B (although unfortunately the radar was not operational for case B).

For these reasons radar appears to be a particularly good intrusion detector, and rapid changes in
radar-derived tropopause height, whether apparent (Figure 3) or real (Figure 2), are a good
indicator of STT. Figure 5 follows Figure 4 of Hocking et al. (2007), while extending the data set
with two more recent campaigns. The bottom panel shows the change in radar-derived
tropopause height in units of km hr. Increases in tropopause height where the apparent vertical
velocity of the tropopause exceeds 0.4 km hr! are considered abrupt. Such events are depicted in
the upper panel by the black bars having a tropopause gradient indictor of value 3. Tropopause
gradient indictors of 2 and 1 correspond to vertical velocities greater than 0.3 and 0.2 km hr?,
respectively. Vertical velocities less than 0.2 km hr! are not shown in the upper panel. The
shading in the upper panel denotes when a possible stratospheric intrusion of 0zone was
observed in the tropospheric region of the ozonesonde profiles. This intrusion indicator was
calculated by estimating the difference in ozone mixing ratio between the peak of the possible
intrusion and the mean of the surrounding region (above, below, before and after the enhanced
region). From this diagram it is clear that at or soon after each peak in the tropopause vertical
velocity (level 3 tropopause gradient), either a weak or strong intrusion event takes place. Also,
almost all strong intrusions that were observed follow a level 2 or 3 tropopause height increase.
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Of the five to six exceptions to this observation, one was when the radar was not operational
(early March 2007) and three when the radar could not resolve the height of the tropopause
because it was dynamically perturbed (e.g. mid-August 2006). Some notable exceptions occur in
spring and summer (e.g. May 4, 2006); these may be because the polar jet is further north and so
distant from the radar location. However, they are remarkably few.

There appears to be some seasonal difference in these campaigns. Although intrusion events
occur in all of them, the three campaigns in spring and summer show more frequent intrusion
events, occurring every 2—3 days, while for the two campaigns in late fall and one in late winter,
intrusions are less frequent, typically occurring every 4-5 days.
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Figure 5. Comparison between the rate of change of the radar-derived tropopause
height and observational evidence of STE. Note the discontinuities in the time axis.
Bottom panel: change in radar-derived tropopause height in units of km hr. Increases
in tropopause height where the apparent vertical velocity of the tropopause exceeds 0.4
km hr? are depicted in the upper panel by the black bars having a tropopause gradient
indictor of value 3. Tropopause gradient indictors of 2 and 1 correspond to vertical
velocities greater than 0.3 and 0.2 km hr1, respectively. Smaller rates of change are not
shown. The shading in the upper panel denotes when a possible stratospheric intrusion
of ozone was observed in the ozonesonde profiles. This intrusion indicator was
calculated by estimating the difference in ozone mixing ratio between the peak of the
possible intrusion and the mean of the surrounding region (above, below, before and
after the enhanced region)..
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5. Estimates of ozone transport into the troposphere
5.1 Radar-ozonesonde campaigns:

Figure 6 (left) shows vertical profiles of ozone mixing ratio for a campaign at Walsingham,
Ontario from 24 April to 5 May, 2006. Layers of high ozone, which generally appear to descend
from left to right on the time axis, are also apparent. The right-hand plot shows values of ozone
mixing ratio extracted from the three-dimensional FLEXPART output grid at locations along the
sonde flight paths. These values represent ozone transported from the stratosphere, as the GEM-
FLEXPART simulation has no chemistry, and the model is initialized with no ozone in the
troposphere. Many of the peaks observed in the sonde profiles are evident in the FLEXPART
simulation, indicating a significant stratospheric contribution. The qualitative agreement between
these two figures is notable, and suggests that the GEM model is reproducing the dynamics of
stratospheric intrusion events and their subsequent tropospheric evolution rather well. The lack
of quantitative agreement is primarily due to the fact that the GEM-FLEXPART simulation has
no background tropospheric ozone.

Ozone Mixing Ratio (ppb): Walsingham 06/04/24 — 06/05/06 Ozone Mixing Ratio (ppb): FLEXPART 06/04/24 - 06/05/06

Altitude (km)
Altitude (km)

—
Q
B
o

Time (UT) Time (UT)
Figure 6. Left: Vertical profiles of ozone mixing ratio for the April 2006 campaign at Walsingham,

Ontario . The solid line shows the tropopause height derived from the radar data. The dashed
lines indicate times when the tropopause height appears to increase rapidly.

Right: A similar plot of ozone mixing ratio values from a GEM-FLEXPART simulation. The
values were extracted from the FLEXPART output grid at locations along the sonde flight paths.
Note the change in colour scale. Much of the lower part of the figure is featureless (with zero
ozone) as the FLEXPART simulation does not include background tropospheric ozone.

The FLEXPART simulation also indicates that some stratospheric ozone reached the ground
between April 29 and May 2. This is also evident in the ozonesonde profiles, particularly on May
2at0UT.

Figure 7 shows a similar comparison, of vertical profiles of measured ozone mixing ratio and
values from a GEM-FLEXPART simulation, for the February 2007 Walsingham campaign. In
this case FLEXPART modeling suggests that little stratospheric ozone reached the ground.
However the similarity, although less than perfect, is again obvious, and indicates that much of
the observed variability of ozone in the upper troposphere is due to the stratospheric source. A

quantitative comparison (Table 2) indicates that STT, while highly variable, is responsible for an
12
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average, over the seven campaigns, of 34% (22 ppb) of the ozone in the middle and upper
troposphere (3-8 km). These results are averages from each 10-day FLEXPART run, initialized
with the average value of measured stratospheric ozone over each campaign period, and
compared with the corresponding measurements of tropospheric ozone by the ozonesondes.

Ozone Mixing Ratio (ppb): Walsingham 07/02/23 - 07/03/04 0Ozone Mixing Ratio (ppb): FLEXPART 07/02/23 - 07/03/04
50

Altitude (km)
Altitude (km)

@
3

Time (UT) Time (UT)

Figure 7. Similar to Figure 6, a comparison of vertical profiles of czone mixing ratio for the
February 2007 Walsingham campaign with a similar plot of ozone mixing ratio values from a
GEM-FLEXPART simulation. Values in the right-hand plot were extracted from the FLEXPART
output grid at locations along the sonde flight paths. Note the change in colour scale. The
FLEXPART simulation includes only ozone that originates in the stratosphere.

Although the campaigns were organized to provide data for different seasons, it is, unfortunately,
difficult to discern a clear seasonal pattern in the amount of ozone injected into the troposphere.
Although frequent intrusion events were observed in the spring and summer campaigns, the
largest amounts of ozone transported into the troposphere were in fall and winter, and in the
summer campaign at Harrow. With one exception, all showed significant amounts of
stratospheric ozone in the 3-8 km layer, and in that case (the August 2006 campaign at
Walsingham) large amounts of ozone were found, by both sondes and FLEXPART, below the
tropopause but above 8 km. However, only three campaigns show significant amounts of
stratospheric ozone in the 0-1 km layer; one in late fall, one in spring and one in summer.
Averaged over all seven campaigns, 3.1% of boundary layer ozone (1.2 ppb), and 13% of ozone
in the lower troposphere (5.4 ppb) was of stratospheric origin, where these layers are defined as
0-1 km, and 1-3 km respectively.
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Table 2: Stratospheric contribution to ozone in three defined layers in the troposphere, as
calculated by GEM-FLEXPART initialized with ozonesonde measurements in field campaigns.
“Measured” is the observed mixing ratio, and “FLEXPART” is the calculated contribution from
STT, both in ppb, while “Relative Contribution” gives the ratio of these in percent. Also shown
for comparison are similar values for the STT contribution, as calculated by the ozone-RH
correlation algorithm described in Section 5.2.

. . Relative Os-RH
Mixing Ratio | Measured (ppb) | FLEXPART (ppb) contribution method
2005-05 Montreal
0-1 km 42 0.02 0.1% 0
1-3 km 53 0.18 0.3% 6.2%
3-8 km 70 18 26% 27%
2005-11 Walsingham
0-1 km 30 1.9 6.3% 0
1-3 km 38 3.6 9.4% 18%
3-8 km 72 64 88% 21%
2006-04 Walsingham
0-1 km 46 2.7 5.9% 9.7%
1-3 km 61 2.4 3.9% 31%
3-8 km 66 8.9 13% 22%
2006-08 Walsingham
0-1 km 43 0.41 0.1% 5.8%
1-3 km 61 0.14 0.2% 20%
3-8 km 73 0.84 1.2% 25%
2006-10 Montreal
0-1 km 24 0.13 0.5% 8.5%
1-3 km 41 21 52% 18%
3-8 km 51 16 33% 19%
2007-02 Walsingham
0-1 km 32 0.13 0.4% 0
1-3 km 44 5.1 12% 13%
3-8 km 59 29 49% 19%
2007-06 Harrow
0-1 km 41 3.3 8% 9.5%
1-3 km 52 5.2 10% 21%
3-8 km 61 16 26% 29%

5.2 IONS and BORTAS campaigns:

Layers of apparent stratospheric origin can also be recognized in ozonesonde profiles, as for
example in Figure 3 (left), over Montreal on May 5, 2005, where a layer of high ozone between
4 and 6 km is evident, strongly anticorrelated with relative humidity (RH). The relative
humidity/Os relationship is frequently used as a simple indicator of probable stratospheric origin
(e.g. Van Haver et al., 1996; Newell et al., 1999; Stohl et al., 2000; Cristofanelli et al., 2006;
Bourqui et al., 2012; Veremes et al., 2016). It is most effective for layers of recent stratospheric
origin (Trickl et al., 2010; Stohl et al., 2000; Appenzeller et al., 1996), but in many cases layers
can persist much longer (Trickl et al., 2014; 2016, Osman et al., 2016). This indicator was
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applied to the ozonesonde profiles of the radar-ozonesonde campaigns in Table 2, and
subsequently to those in Table 1, in three steps, applied to each profile individually:

1. A smoothed profile was obtained by boxcar averaging the high-resolution profile to remove
variations of vertical half-width less than 1.5 km. The difference of the high-resolution profile
and the smoothed profile, divided by the smoothed profile, was defined as the normalized
perturbation profile.

2. The same method was used to determine a normalized perturbation profile of RH. Boxcar
averaging to filter out variations of vertical half-width less than 5 km was used to create the RH
smoothed profile.

3. Ozone laminae in the normalized perturbation profile with average amplitudes greater than
0.05 were considered significant if coincident with negative RH laminae with average
amplitudes greater than 0.25; that is, ozone perturbations greater than 5%, coincident with
decreases in RH of more than 25%.

An example is shown in Figure 8. Suspected stratospheric layers were detected by this method in
most profiles, which seems consistent with the comparisons in Figures 6 and 7, and with the
previously noted observation (Section 4) that intrusion events typically occur every 2—-3 days in
spring and summer. The number of layers detected, and therefore the amount of stratospheric
ozone in the troposphere estimated by this method is somewhat dependent on the choice of
parameters in steps 1-3 above (Van Haver et al., 1996; Newell et al., 1999). As a sensitivity test,
these were varied, and compared to the results of the FLEXPART calculation in Table 2. As
expected, varying the ozone perturbation threshold produced a corresponding change in the
amount of stratospheric ozone detected (at all levels), and broader smoothing of the mean ozone
profile produced larger perturbations and therefore more STT. In contrast, lowering the relative
humidity perturbation threshold had little effect on the amount of stratospheric ozone in the
upper troposphere, but a large effect on STT detected in the lowest kilometre. The different
results obtained from varying the threshold parameters correlated well with each other, but none
showed a significant correlation with the FLEXPART results. This is disappointing, and suggests
caution in use of this simple method. The FLEXPART results also show a much larger variance.
The parameters described above were chosen to yield the best match to the FLEXPART results.

The agreement, as can be seen from Table 2, is not very good: while the estimated STT
magnitudes are similar on average — 23%, 18% and 4.8%, versus 34%, 13% and 3.1% — those for
individual campaigns show little correlation. The reasons for this are likely several: FLEXPART
uses 10-day trajectories, while the RH-O3 anticorrelation is observed to decay after 3-4 days
(Stohl et al., 2000; Appenzeller et al., 1996); the anticorrelation of RH and Oz in a layer can be
produced by simple descent from the upper troposphere where the absolute humidity is much
lower, and so it is not a definite indicator of stratospheric origin; and intrusions are small-scale,
highly variable dynamic phenomena, and so a 1-D time series like the sonde or FLEXPART
curtains of Figures 6 and 7 may miss features (e.g. Figure 2; see also the discussion in Langford
et al., 2009). Small trajectory errors can therefore lead to large differences in such 1-D time
series, and in fact typical trajectory errors are 100-200 km day* (Stohl, 1998). For these reasons
the correspondence of the left and right-hand plots in Figures 6 and 7 is also less than perfect.
Nevertheless, assuming that trajectory errors are random, the similarity in average estimated STT
magnitudes suggests that this method may produce reasonable aggregate results (e.g. Newell et
al., 1999; Stohl et al., 2000).
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Figure 8. Profiles at 12 UTC on June 29, 2007 at Harrow, Ontario. The FLEXPART profile is a
six-hour average. As ozone mixing ratios from GEM-FLEXPART do not include tropospheric
background ozone, the profile has been shifted by 50 ppb to more easily compare with the
sonde profile. Layers in the sonde profile that are identified as STT by the RH correlation
method are shown in red. Both the RH/O5 correlation algorithm and the FLEXPART calculation

find a number of STT layers, but the agreement is imperfect: each method finds STT layers that
are not identified by the other.

Figure 9. Estimated contribution of stratosphere-troposphere transport (STT) to ozone in the
boundary layer (0-1 km), the lower troposphere (1-3 km) and the middle and upper troposphere
(3-8 km), during the four summertime field campaigns described in Table 1, using the ozone-RH
correlation algorithm described in Section 5.2.
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The RH-O3 algorithm was then applied to the large set of ozonesonde profiles from the IONS
and BORTAS campaigns (Table 1). The total STT contribution calculated by this method varies
from about 2 to 12 Dobson units (DU), but its variability as a fraction of the total tropospheric
ozone column (TTOC) between sites and years is fairly modest (Figure 9), ranging from a
minimum of 14% (at Summit) to a maximum of 30% (at Trinidad Head ). No pattern is apparent
to the variability between years. There is more ozone, in DU, attributable to STT at the sites
further east and south, but these are also sites with larger tropospheric columns, and so as a
percentage of TTOC the variability between sites is rather small (Table 3). Intersite variability
may depend on geography: while a large contribution is found at Trinidad Head, the Kelowna
site, also on the west coast, shows about half this much (16%). Kelowna is situated between
mountain ranges. Elbern et al. (1997) similarly found STT to be less frequent in a mountain
valley.

Table 3 also shows the contribution of STT to ozone in the three tropospheric layers defined in
Table 2. As for the short campaigns in Table 2, the calculated contribution in the lower
troposphere and the boundary layer is highly variable between sites. However, it is much less
variable in the 3-8 km layer. The mean fractions over all sites are 4.6% of boundary layer ozone,
15% of ozone in the lower troposphere, and 26% in the middle and upper troposphere.

Table 3: Percentage contribution of stratospheric ozone to the total tropospheric ozone
column (TTOC), and to three defined layers in the troposphere, as calculated by the RH/O3
relationship, using ozonesonde data from the four field campaigns described in Table 1.
Station locations are shown in Figure 1.

Site Name TTOC 0-1km 1-3km 3-8km
Alert 20.0 3.6 21.3 24.3
Eureka 20.3 3.5 18.2 27.3
Resolute 17.6 10.5 29.5 16.9
Summit 14.2 -- -- 17.4
Yellowknife 21.7 0.0 115 29.1
Whitehorse 16.5 0.0 0.0 27.9
Churchill 215 8.7 17.7 27.9
Trinidad Head 30.4 12.7 45.7 32.6
Kelowna 16.2 1.2 0.0 24.7
Stonyplain 15.3 0.0 6.8 21.9
Bratt's Lake 20.5 2.7 15.2 25.1
Walsingham 19.2 7.9 15.2 23.3
Egbert 19.4 1.7 15.8 25.9
CSA-Montreal 19.6 0.0 4.7 31.1
Narragansett 16.8 7.9 12.1 215
Yarmouth 22.4 7.1 19.0 30.4
Goose Bay 17.9 2.9 7.4 26.4
Sable Island 21.1 8.4 22.1 26.6
Mean 19.5 4.6 154 25.6
18
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5.3 Estimates based on HYSPLIT trajectories (TOST):

The TOST ozone data product offers an additional way to estimate ozone cross-tropopause
transport, on a global domain, using ozone soundings and forward trajectories from the sonde
locations above the tropopause. For each TOST 5x5 degree x 1 km bin, the number of
trajectories starting in the stratosphere, weighted by their average ozone concentration, is divided
by the total number of trajectories from both stratospheric and tropospheric sources contributing
to that bin, weighted by their average ozone concentration. Individual 1-km bins are summed
vertically to produce the 1-3 km and 3-8 km columns. The trajectories in TOST are all launched
from ozonesonde locations, so there is some risk of sampling bias (primarily gaps), as the
sounding locations are not evenly distributed globally. Fortunately the random character of
trajectories ensures excellent global coverage (Liu, G. et al., 2013), over the decade of the 1990s
employed here. Additionally, the results presented here are restricted to the region 25-90 N and
50 E to 150 W, because of the relatively high density of sonde data there (see Liu, J. et al., 2013,
Figure 14, or Tarasick et al., 2018, Figure 16).

Figure 10 shows the estimated contribution of rapid stratosphere-troposphere transport, to the
previously defined three layers in the troposphere, based on TOST trajectories (up to 4 days in
length, launched from the locations of ozonesonde profiles). Several features are apparent from
these figures:

(1) While much more ozone of stratospheric origin is found in the middle and upper troposphere,
significant amounts also reach the lowest kilometer (i.e. the boundary layer). Since the TOST
trajectories are a maximum of 4 days in length, this presumably represents deep, irreversible
transport;

(2) STT is much stronger in North America than Europe. This is somewhat surprising, and not
likely due to sampling artifacts, as the frequency of soundings is greater in Europe than North
America. This pattern is also reflected in maps presented by Skerlak et al. (2014);

(3) The STT flux of ozone is much larger in winter (DJF) and spring (MAM), than in summer
(JJA) or autumn (SON). This is consistent with previous observations that STT exerts the largest
influence on surface ozone in the spring (Danielsen and Mohnen, 1977; Holton et al., 1995;
Monks, 2000), but seems to differ from the results of the radar-ozonesonde campaigns discussed
in Section 4, which showed more STT events in summer than winter. The difference is likely
explained by the fact that there is more ozone in the lowermost stratosphere during winter;

(4) There is an evident tendency for high values to appear north of 60N, but this is really only
true in the middle/upper tropospheric layer, and is likely due to the lower tropopause in polar
regions. In addition, some of these trajectories may return to the stratosphere (Stohl, 2003a).

Figure 10. Estimated contribution of rapid stratosphere-troposphere transport, to three defined
layers in the troposphere, based on trajectories up to 4 days in length launched from the
locations of of ozone soundings (all profiles, 1990-1999). The region displayed (25-90 N and 50
E to 150 W) is selected because of the relatively high density of sonde data (see Liu, J. et al.,
2013, Figure 14, or Tarasick et al., 2018, Figure 16). The seasonality is marked, with the
maximum contributions in winter (DJF) and spring (MAM), and the minimum in summer (JJA).
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Table 4 averages these STT contributions over several latitude bands, restricting the area of
interest to the North American continent (125W to 50W). Over this region the average
magnitudes are closer to those found by the other methods, but while remaining in approximately
the same proportions, they are quite variable, and on average about 3-4 times smaller. This may
be because the TOST trajectories are limited to 4 days (and so represent only rapid STT) and/or
because of the coarse vertical resolution (1 km) of the TOST trajectories, and the corresponding
tropopause (since stratospheric intrusions generally originate close to the tropopause).

Table 4: Stratospheric contribution in per cent to ozone in three defined layers in the
troposphere, for North America (125W to 50W), in three latitude bands, as calculated by the
ozone-RH correlation algorithm described in Section 5.2.

STT (%) NA DJF | MAM | JJA | SON

25-40N

0-1 km 3.5 1.0 0 0.2
1-3 km 4.9 0.8 0 0.5
3-8 km 8.2 3.9 06 |04
40-60N

0-1 km 3.8 14 0 0.5
1-3 km 6.2 2.4 0 0.8
3-8 km 12.6 | 8.3 12 |28
60-90N

0-1 km 2.7 2.2 0 0.4
1-3 km 4.5 2.9 0 0.8
3-8 km 171 | 211 44 |81

6. Conclusions

Twice daily ozonesondes were launched during seven 10-day campaigns, incorporating nearby
windprofiler measurements, in Ontario and Quebec between 2005 and 2007. Numerous
stratosphere-troposphere transport events were observed, demonstrating a strong relationship
between rapid increases in the radar-determined tropopause height and stratospheric intrusions.
GEM-FLEXPART modeling is able to reproduce much of the observed variability of ozone in
the upper troposphere, confirming its stratospheric origin, and also indicating that the Canadian
operational forecast model, GEM, is representing upper tropospheric dynamics quite well.

Further examination shows that where the radar-determined tropopause differs from the WMO
thermal tropopause, the radar is typically responding to the sharp gradients of potential
temperature and humidity at the lower edge of a stratospheric intrusion. Radar appears to be a
particularly good intrusion detector. In addition to explaining the radar’s success at finding STE
events, this fact can potentially be used to follow the descent of layers of stratospheric origin in
the troposphere. Windprofilers can routinely and continuously measure the height of the
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tropopause, and so it seems likely that the assimilation of inexpensive windprofiler data would
lead to improvement in tropospheric dynamical and air quality forecasts.

The ability of FLEXPART to reproduce the pattern of variability observed in the radar-
ozonesonde campaigns, although less than perfect, lends confidence to further calculations. By
initializing 10-day GEM-FLEXPART runs with the average value of measured stratospheric
ozone during each campaign, it was possible to make a realistic estimate of the amount of ozone
transported into the troposphere, and its contribution relative to the corresponding measurements
by the ozonesondes. These estimates differ widely between campaigns, in part because they were
undertaken in different seasons and at different sites, but primarily because of the sporadic nature
of STT. On the assumption that these variations are random, the FLEXPART results were used
to calibrate the adjustable parameters in a calculation using the relative humidity — ozone
anticorrelation, which was then extended to a much larger set of 0zone soundings from several
campaigns at 18 sites in North America.

The FLEXPART calculations indicated that STT contributed an average, over the seven radar-
ozonesonde campaigns, of 3.1% (1.2 ppb) of ozone in the boundary layer (0-1 km), but 13% (5.4
ppb) in the lower troposphere (1-3 km) and 34% (22 ppb) in the middle and upper troposphere
(3-8 km). The RH-O3 calculation, applied to four summertime campaigns at a large set of sites,
estimated STT to be responsible for 4.6% of boundary layer ozone, 15% of ozone in the lower
troposphere, and 26% in the middle and upper troposphere.

STT calculations were also performed using the TOST global 3D trajectory-mapped ozone data
product, for four seasons. The resulting maps indicate that STT is stronger over the North
American continent than Europe, and much stronger in winter and spring than in summer or fall.
Average overall magnitudes are 3-4 times smaller than expected from the previous calculations,
at all levels. This may be because the TOST trajectories are limited to 4 days (and so represent
only rapid STT) and/or because of the coarse vertical resolution (1 km) of the TOST trajectories.

The TOST-based STT estimate could be improved, in a dedicated calculation, by increasing the
vertical density of trajectories near the tropopause and a more precise tropopause definition, as
stratospheric intrusions generally originate close to the tropopause. The use of longer (e.g. 10-
day) trajectories might also produce estimates closer in average magnitude to the FLEXPART
campaign results. The implied increase in computational cost is significant, however. Both the
TOST-based and the RH-O3 estimates can be extended to the global ozonesonde record, which is
now more than 50 years in length at some sites. Estimates of trends in the magnitude of STT
over that period would be of interest. The RH-O3 calculation has the advantage of being
independent of model and data assimilation changes, although not of possible radiosonde RH-
sensor changes.
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